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Abstract

Using multiple independentnetworks(also knownas rails) is an emerging techniqueto overcomebandwidthlimitations
and enhancefault toleranceof current high-performanceparallel computers. In this paperwe presentand analyzevarious
algorithmsto allocatemultiple communicationrails, including static and dynamicallocation schemes.An analytical lower
boundon thenumberof rails requiredfor static rail allocation is shown.We alsopresentan extensiveexperimentalcompar-
isonof thebehaviorof variousalgorithmsin termsof bandwidthand latency. We showthat striping messagesover multiple
rails cansubstantiallyreducenetworklatency, dependingon averagemessagesize, networkload,andallocationscheme. The
comparedmethodsincludea static rail allocation,a basicround-robin rail allocation,a local-dynamicallocation basedon
local knowledge, anda dynamicrail allocation that reservesboth communicationendpointsof a message before sendingit.
Thelast methodis shownto performbetterthantheothersat higher loads: up to ����� betterthanlocal-knowledgeallocation
and �	�
� betterthan theround-robin allocation. Thisallocationschemealsoshowslower latencyand it saturatesat higher
loads(for messageslongenough).Mostimportantly, this proposedallocationschemescaleswell with thenumberof rails and
message sizes.In additionweproposea hybrid algorithmthat combinesthebenefitsof thelocal-dynamicfor shortmessages
with thoseof thedynamicalgorithmfor largemessages.

Keywords: CommunicationProtocols,High-PerformanceInterconnectionNetworks,PerformanceEvaluation,Routing, Com-
municationLibraries,Parallel Architectures.

1. Introduction

System-interconnectionnetworks have becomea critical componentof computingtechnology, with a direct impact on
the design,architecture,anduseof high-performanceparallel computers. Indeed,not only the sheercomputationalspeed
distinguisheshigh-performancecomputersfrom desktopsystems,but also the efficient integrationof the computingnodes
into tightly coupledmultiprocessorsystems. Network adapters,switches,device-driversand communicationlibraries are
increasinglybecomingperformance-criticalcomponentsin modernsupercomputers.

Oneapproachto building large-scalesupercomputers,with asmany asthousandsof processors,is to usesharedmemory
multiprocessors(SMPs)asbuilding blocks.In suchmachines,it is very importantto keeptheratio betweencomputingpower
and communicationcapability properly balanced. One solution to the issuesof limited bandwidthavailability in network
connections,andof fault tolerance,is theuseof multiple parallelnetworksor "rails". This techniqueimpliestheutilization of
severalnetwork interfacesperSMPnode,attachedto independentI/O buses.To thebestof ourknowledge,very little attention
hasthus-farbeengivenin theliteratureto studiesof communicationprotocols,performancecharacteristics,fault tolerance,and
implementationof systemsoftwareandlibrariesfor multiple rails.

Asidefrom beinga challengingscientificendeavor, theanalysisof multirailednetworkshasdirectpracticalimplicationsas
well. ThePittsburgh SupercomputingCenter(PSC),1 thesecondlargestsupercomputerin theworld for unclassifiedresearch�

A shorterversionof thispaperandresultsfor thestaticrail allocationcanbefoundin [3] and[2].�
Thework wassupportedby theU.S.Departmentof Energy throughLosAlamosNationalLaboratorycontractW-7405-ENG-36

1http://www.psc.edu.



at this time, is interconnectedwith two distinct network rails. Los AlamosNationalLaboratoryandCompaqarecurrently
developinganextreme-scale,multirailedclusterof SMPs,the30TopsASCI Q machine.2 Both thePSCandtheQ-machineare
basedontheQuadricsnetwork (QsNet),3 whichconsistsof two building blocks,a64bit/66MHzPCIcardwith aprogrammable
network interfacecalledElan [10] anda low-latency high-bandwidthcommunicationswitch calledElite [11]. Elites canbe
interconnectedin a fat-treetopology[6]. A recentperformanceevaluationof theQsNetshowsthatthenetwork performanceis
seriouslylimited by thePCI bus[8]. In fact,thenetwork candeliver almost �
��� MB/secat user-level, but thePCI implemen-
tationcansustainonly �
��� MB/sec,usingthemostefficient PCI chipseton themarket. Thepresenceof bidirectionaltraffic
further degradesperformance,limiting the aggregatecommunicationbandwidthto �
��� of the unidirectionalbandwidthon
mostPCI chipsets(Intel 840,ServerworksHe andLE, CompaqWildfire). Thoughthe next generationof the PCI interface,
calledPCI-X,will doublethenominalperformance,thenew generationof QsNetwill alsodoubleits performance,sothis issue
will not disappear. The sameproblemis alsolikely to appearwith Infiniband,wherehigh bandwidthbetweennodescanbe
achievedby groupingtogetherseveralcommunicationchannels[1]. For example,thefirst implementationsof Infinibandwith
theMcKinley processorwill bebasedon theIntel 870chipset.This chipsetprovidesa 4X Infinibandconnectionat 1GB/sec
which is equalizedto thebandwidthof theI/O busin a singledirection.

In this paperwe presentthebasicpropertiesof a multirailednetwork andanalyzefour approachesto multirail communica-
tion. Theseapproachestry to minimize,or eliminate,two distincttypesof congestion.

1. Conflictsat the destinationnode. Multiple messagescanbe sentto the samedestinationfrom differentsourcesat the
sametime. For example,if wesplit amessagein two equallysizedchunksandwesendthosechunksontwo distinctrails,
we expectto cut in half thedelivery time of thewholemessage.But, if anothermessageis sentto thesamedestination
on oneof therailsat thesametime, thenthereis no performanceadvantagein usingmultiple rails.

2. Conflictson the I/O bus. The recipientof a messagecanpotentiallyusethe samenetwork interfaceto sendanother
messagein theotherdirection.Again, thiscancauseasubstantialperformancedegradation.4

In thefirst approach,calledstaticrail allocation,eachnetwork interfacecaneithersendor receivemessages,andits directionis
determinedatinitializationtime,thuseliminatingall conflictsontheI/O bus.Staticallocationposestheproblemof connectivity
betweennodes:wewantto haveadirectpathin thenetwork betweenany possiblepairof nodes.Theuseof intermediatenodes
couldseriouslydegradethe latency achievedby zero-copy, user-level communicationprotocols,a key featureof mosthigh-
performancenetworks. In Section2 we show that addressingthis problemrequiresa large,possiblyprohibitive, numberof
rails.

We addresstheseproblemswith local-dynamicallocation. In this scheme,rails are allocatedin both directions,using
local informationavailableon thesenderside. Messagesaresentover rails thatarenot sendingor receiving othermessages,
potentiallystripinga messageover multiple rails whenpossible.Sincethis algorithmusesonly local information,thereis no
guaranteethatthetraffic will beunidirectional,on bothends.

The dynamicallocation schemetries to reserve both endpointsbeforesendinga messageand eliminatesboth typesof
conflicts. In its corethereis a sophisticateddistributedalgorithmthat ensuresunidirectionaltraffic at both endsandavoids
livelocks,potentiallygeneratedby multiple requestswith a cyclic dependency. Theimplementationof this algorithmrequires
someprocessingpower in thenetwork interfacecard(NIC), whichneedsto processincomingcontrolpacketsandperformthe
reservationprotocolwithout interferingwith theprocessorsin theSMP. Fastresponsetime in theNIC is essentialto limit the
overheadof this protocolfor theprotocol’soverheadto bejustified. This is thecaseof theQsNet[8], which is equippedwith
a threadprocessorthatcanreadanincomingpacket,do somebasicprocessingandsendareply in asfew as �
��� .

Finally anotherdynamicallocationschemeis proposed,calledhybrid, whichallowsbidirectionalityfor smallmessages,thus
minimizing theprotocoloverheadfor fine-grainedcommunication.In thepresenceof largemessages,thealgorithmreserves
bothendpoints,maintainingunidirectionaltransmissionon bothendsasmuchaspossible.

Theexperimentalresults,obtainedusinga circuit-level simulatorof thenetwork andnetwork interface,exploretheperfor-
manceof theseallocationalgorithmsunderseveraltraffic loadsandmessagesizes.Theseresultsshednew light into thebenefit
of usingmultiple network railsandexposeseveraltrade-offs in thedesignof theallocationalgorithms.

The restof this paperis organizedas follows: we startwith the descriptionand formal analysisof static rail allocation
in Section2. Section3 presentsthe local-dynamicallocationandSection4 offers a descriptionof the dynamicandhybrid
allocationapproaches.Thedetailsof theexperimentalevaluationperformedaredescribedin Section5 andtheresultsobtained
arepresentedin Section6. Finally, we concludein Section7.

2http://www5.compaq.com/alphaserver/news/supercomputer_0822.html
3http://www.quadrics.com
4All thealgorithmspresentedin thepapercanbeeasilygeneralizedto thesimplercasewherebidirectionaltraffic canbeefficiently handledby thenetwork

interface.
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2. Static Allocation

In this sectionwe describethestaticallocationof network interfaces,in which eachnode-to-railconnectionis exclusively
a transmitteror a receiver. We obtainanalyticallytheoptimalallocationpatternandconstructanalgorithmfor generatingit.
Thetermsnetwork interfaceandrail areusedinterchangeablythroughoutthis section.

2.1. Theoretical bound

Algorithm 1 : Staticrail allocationwith �������
��� rails.
procedure log_rail_alloc
begin

for � = 0 to ���
�������! do
begin

allocate nodes on rail �"� in consecutive groups of �
# , alternating
between transmitters and receivers, starting with the transmitters.

end
for � = 0 to ���
�������! do
begin

allocate nodes on rail �"��$% in consecutive groups of �
# , alternating
between transmitters and receivers, starting with the receivers.

end
end

We aretrying to find what is themaximumnumberof processingnodesthatwe caninterconnectusinga givennumberof
rails,underthefollowing constraints:

1. Eachnodecaneithertransmitor receiveon agivenrail but not both.Thisensuresunidirectionalaccessto theI/O bus.

2. Eachnodecantransmitto everyothernodewithoutpassingthroughintermediatenodes.

3. Railsareindependent:messagescannotpassfrom onerail to another.

Let us representa staticallocationusinga binary matrix wherecolumnsrepresentnodesandrows representrails, so that a
valueof &' (& in the ) #+* entrymeansthatnode, transmitsonrail � , anda &-�
& meansthatnode, receivesonrail � . Figure1 depicts
staticallocationsexamplesandtheir equivalentallocationmatrices.In the exampleshown in Figure1(a), rail � canbeused
for sendingby node0 andreceiving by node  . Sincetheallocationis static,onemorerail is requiredto allow communication
from node  to node � . Obviously, two rails aresufficient to ensurefull connectivity betweentwo nodes.Whenconsidering
four nodes,at leastfour rails arerequiredto ensurefull connectivity. Figure1(b) shows onepossibleallocation,and1(d) the
correspondingallocationmatrix. In astaticallocationsuchasthis,wheremorethanonepathexistsbetweensomenodes,arail
canbechosenin a round-robinfashionin orderto havea fair andbalancedusageof theavailablerails.

Ourgoalis to maximizethenumberof nodes� thatcanbefully connectedby . rails,meetingtherequirementslistedabove.
A simplelower boundon themaximum,�!/0��12 , canbeobtainedwith thestaticallocationdescribedin Algorithm 1. While
this allocationis simple,andclearly satisfiesthe constraints,it is not optimal. The optimality is containedin the following
proposition:

Proposition 1. Givenr networkrails, thenumberof nodesn thatcanbestaticallyallocatedto theserails with unidirectional
communicationin thenetworkinterfacecard (NIC) andfull nodeconnectivitycannotexceed�43 5 .687�
9;: (1)

Proof. Eachnodecanuseany givenrail for eithertransmittingor receiving, but not both(unidirectionalrequirement).Let
a binaryvectorrepresentthestaticallocationof nodeson a rail: thevector’s ith entry is 0 if the ith nodereceiveson this rail
and1 if it transmitson it. We canrepresentthe staticallocationof the entiresystemasa binary matrix A with r rows, each
representingonerail, andn columns,eachrepresentingonenode.Let ) #+* denotethevalueat row i andcolumnj of A, thatis,
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Rail 1 Rail 2 Rail 3Rail 0

0 1 2 3

Rail 0

0 1 0 1

Rail 1

1    1    0    0
0    0    1    1
1    0    1    0
0    1    0    1

1    0
0    1

0 0 01 2 3 1 2 3 1 2 3

(b) Four rail allocation for four nodes(a) Two rail allocation for two nodes

(d) Allocation matrix for four nodes(c) Allocation matrix for two nodes

Figure 1. Simple static allocation examples for 2 (a) and 4 (b) nodes. Rectangles denote netw orks
(rails); cir cles represent nodes and arrows denote the allocation of each rail to each node as either
transmitter or receiver . The corresponding allocation matrices are sho wn, respectivel y, in (c) and (d).

therole allocatedto the jth nodeon the ith rail. Theproblemcanthusbeformalizedasdeterminingthemaximumnumberof
columnsn of a binarymatrix with r rows for which thefollowing propertyholds:<>=�?A@CBED  
F-F �HG ?I=4JK @CLNMPOCBED  
F-F .
GQ�
F RAF�)TSVU K � ? )TSVW K  (2)

For eachmatrix columnj let X * bethesetof indicesi for which ) #+* K  :X * K D  Y3!�Z3;.\[]) #^* K  _G . Notethattheproperty(2) of amatrix A is equivalentto thefollowing property:<>=�?A@CB`D  
FaF �HG ?b=4JK @CL X�UdceXfW (3)

Theequivalencestemsfrom thefactthatif (3) doesn’t hold, i.e.Mg=�?A@hBED  
F-F �HG ?I=4JK @ �
F RgX Uji X W
thenfor every row

OhB`D  
F-F .
G for which )TSVU K  we havealso )kSAW K  so(2) cannothold. In theotherdirection,if (3) holds
thenfor every two columns

=f?l@!BmD  
F-F �HG ?b=nJK @
therewould have to be at leastonerow

OoBmD  
F-F .
G for which )kSVU K � ,)TSVW K  , or elseeither X�U i XfW or X�W i X�U	F Themaximumnumberof columnsn for amatrixA with theproperty(3) is given
by Sperner’s lemmato be(1). A shortproofof this lemmacanbefoundin [7]. p
2.2. Allocation algorithm

We proposean algorithmto allocate. rails to � nodesfor any given . and � that satisfy(1). This algorithmis simpleto
implementandis optimal in thesensethat it canallocaterails for all thenodesevenwhentheboundis tight. Themain idea
behindit is to find � differentbinaryvectors(representingtherail transmit/receive allocationfor a singlenode),eachhaving
exactly q 7�
r  ’s in them.Thenumberof distinctvectorswith this propertyis5 .6 7� 9 :
sothereis a sufficient numberof vectorsto allocatefor � nodes.Furthermore,any two differentvectorscontainingthesame
numberof  ’s satisfycondition(3), soby inferencethesevectorssatisfytherequirement(2). Any enumerationthatproduces
the differentvectorscanprovide thesevectors. For example,stringscanbe enumeratedby lexicographicorder(for . K �
we could have �
�b � , �b s�b , �I 
 s� ,  (���b ,  s�b (� ,  � (��� ). Anothersimpleprocedureto enumeratesuchvectorsis describedin
Algorithm 2.

Figure2 comparesthenumberof supportednodesandthenumberof requiredrailswith thetwo staticallocationalgorithms.
An exampleof allocationusingAlgorithm1 is depictedin Figure3. Notethata maximumof � nodescanbeallocatedusing t
rails with this algorithm,while Algorithm 2 supportsup to �
� nodes.Figure4 is anexampleof anoptimalallocationmatrix
createdby Algorithm 2. It canbeseenthatany staticallocationalgorithmrequiresa largenumberof rails to fully connecta
clusterof asignificantsize.
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Algorithm 2 : Optimalstaticrail allocation.
{ This is a recursive procedure that runs until � binary vectors of

length . are output, each representing a rail allocation for a single
node. The procedure tries to allocate a  and then a � for each vector
location, and backtracks whenever a vector is long enough. It should
be first called from outside with the following parameters:
build_rail_vectors (empty_vector, . , int( .
u
� ))

}
Procedure build_rail_vectors
Input: current_vector, { vector being built }

rails_left, { rails left to allocate }
ones_left, { ones left for this vector }

begin
if � vectors were output then return { End condition met -

allocated for all nodes }

if rails_left 3 0 then { No more rails to allocate means that - }
output current_vector { the current vector (node) is completed. }

else
begin { Still have rails to allocate }
if ones_left v 0 then { Try to allocate a 1 if any left }

build_rail_vectors (current_vector appended with 1,
rails_left - 1,
ones_left - 1)

if (rails_left - ones_left) > 0 then { Try to allocate a 0 -
if any left }

build_rail_vectors (current_vector appended with 0,
rails_left - 1,
ones_left)

end
end
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Figure 2. Required rails as a function of the number of nodes for both static allocation algorithms.
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Figure 4. Optimal allocation matrix for 6 rails and 20 nodes created using Algorithm 2.

3. Local Dynamic Allocation

With the dynamicallocationschemes,the direction in which eachNIC is usedby its nodechangesdependingon the
communicationrequirements.This allows to overcomethehigh rail requirementof thestaticallocationandcanmake better
useof network resources.Unlike staticallocation,dynamicallocationdoesnot predefinea communicationdirectionfor rails
while still takingmeasuresto minimizetheamountof actualbidirectionaltraffic on a link.

In this section,a dynamicalgorithmbasedonly on local information(thatavailableat thesourcenode)is proposed.It can
beappliedto network configurationswith any numberof rails. Severaldesirablefeaturesareaddressednamely, minimization
of bidirectionaltraffic over thenetwork interface,loadbalancingamongrails,andhighnetwork utilization. Thelocal-dynamic
algorithmis usedby eachprocessto senda messageover thenetwork andis designedto stripemessagesover multiple rails.
Furthermore,when sendinga message,it only selectsNICs that are available. Thus, a sendtransactionwill not produce
bidirectionaltraffic in thesourceunlessa messagereceptionstartsbeforethesendtransactioncompletes.

Algorithm 3 : LocalDynamicAllocation

Procedure Local_Dynamic_Allocation
Input: message (M), destination node (dest), striping ratio (str_r)
begin

repeat
F � {n | Nstatus[n]==FREE}
S � Select_Tx_NICs(F, str_r)

until � F JKY�
�
send M to dest using NICs in S

end

Algorithm 3 shows the local-dynamicscheme.The rail allocationpolicy selectsa subsetX of the setof free rails � for
sendinga message.All rails in X arethenusedfor sendingthe message.The algorithmconsidersa rail asfree if it is not
sendingor receiving. Thelocal-dynamicalgorithmusesa datastructure(NStatus) which containsthestatusof eachNIC in a
specificnode.Thestateis updatedby theNICs andcanbeRESERVED or FREE.Thesubsetof freeNICs which is selected
dependson the desiredstriping ratio. This parameterfixesthe numberof free rails which is usedto senda singlemessage
(stripedin theappropriatenumberof fragments).Its valuerangesbetween0 (only onerail is selected)and1 (all theavailable
rails arechosen).Thestriping ratio is handledwith theSelect_Tx_NICsfunction,which employs a round-robinalgorithmto
ensurefairnesswhenselectingasubsetof thefreeNICs. Theallocationof theNICsstartsat thefirst freeNIC justpastthelast
oneallocatedin theprevioustransaction.
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4. Dynamic Allocation

The dynamicallocationalgorithm collectslocal- and remote-stateinformation from the NICs for every communication
operation.Its maingoal is to guaranteethatboththesendingandthereceiving sidearefreebeforeinjectinga message.This
ensuresunidirectionaltraffic at bothends.

In thedynamicallocationalgorithm,we usetwo typesof communicatingprocesses.Thefirst, thePE(processingelement)
process,is integratedwith theunderlyingcommunicationlibrary andis run at user-level by all theprocessesof a paralleljob.
ThesecondrunsontheNIC processorsandhandleslocalandremoterequests.It shouldbenotedthatthisdistributedalgorithm
runson everyPEandNIC in thecluster.

4.1. PE process

Algorithm 4 : DynamicAllocation (PEprocess)
Procedure Dynamic_Allocation_PE
Input: message (M), destination node (dest), striping ratio (str_r)
begin

repeat
F � {n | Nstatus[n]==FREE}
send local_RTS to the NICs in F
Wait until all remote NICs reply or a timeout expires
A � {The set of NICs that replied with a CTS}

until � A JKY���
S � Select_Tx_NICs(A,str_r)
Deallocate all NICs in A � S, sending an ABORT.
send M to dest using NICs in S

end

This process,shown in Algorithm 4, runson thePEsandis invokedwhena messageis sent.Rail reservationis employed
prior to sendingsothatthenetwork interfacesatsourceanddestinationarededicatedto unidirectionaltraffic atbothends.This
reservationis performedby thesenderin thefollowing way: if local NICs areavailable,eachrequestis temporarilyassigned
to all theavailableNICs. Thena RequestTo Send(RTS) is sentto thedestinationNICs (onedestinationNIC for eachsource
NIC) to checkfor availability andreserve them. DestinationNICs reply with a Clear To Send(CTS) if free anda Negative
Acknowledgment(NACK) otherwise.Oncethe setof availablepaths(rails) is known at the senderside,anotherselectionis
done(by the Select_Tx_NICsfunction) in order to choosethe actualsetof rails for sending,basedon the desiredstriping
ratio. Rails initially allocatedthatarenot eventuallyusedarefreedby sendingan ABORT command.Whenthe messageis
successfullydelivered,thedestinationprocesssendsa local ACK to its NIC, which on its turn forwardsa remoteACK to the
sourceNIC. A round-robinalgorithmis usedto guaranteea fair selectionof NICs. Finally themessageis striped,if possible,
andsentover theselectedsetof NICs. A visualrepresentationof thealgorithmis depictedin Figure5.

4.2. NIC Process

This process,shown in Algorithm 5 andTable1, runson the NIC andhandlesthe requestsissuedby local andremote
processors.As in thelocal-dynamicalgorithm,we usea datastructure(NStatus) containingthestatusof eachNIC in a given
node.In this casethestatus,which is only updatedby theNICs,canbeoneof thefollowing:� FREE- theNIC is available.� RESERVED - theNIC is reservedby a local requester, while trying to allocatethedestinationNIC.� RECEIVING- theNIC is receiving a message.� RECEIVINGandOut_RTS- theNIC is receiving a messageandhasanoutstandingRTS message.� SENDING- theNIC is sendingamessage.
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CTS, NACK
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Free
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CTS

NACK

NIC

NIC

NICs
dest

RecvABORT
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Figure 5. Dynamic allocation operation when selecting more than one NIC.

Event\Status Free Receiving Sending Reserved Receiving & Out_RTS

LocalRTS RemoteRTS LocalNACK LocalNACK LocalNACK LocalNACK
Reserved Receiving Sending Reserved Receiving & Out_RTS

LocalACK
RemoteACK RemoteACK

Free Reserved

LocalABORT
RemoteABORT

Free

RemoteRTS
RemoteCTS RemoteNACK RemoteNACK – RemoteNACK

Receiving Receiving Sending call livelock_avoidance Receiving & Out_RTS

RemoteABORT
– –

Free Reserved

RemoteCTS
LocalCTS RemoteABORT & LocalNACK LocalCTS
Sending Receiving Sending

RemoteACK
–

Free

RemoteNACK
LocalNACK LocalNACK LocalNACK LocalNACK LocalNACK

Free Receiving Sending Free Receiving

Table 1. Dynamic allocation - NIC process state table. The fir st row in each cell represents the mes-
sage(s) to be sent and the second row represents the new state .

Whena remoteRTS is receivedandtheNIC is free,theNIC is assignedto therequesteranda CTS is issued.Therequester
caneitherusethereservedpathto sendamessageor abortit. If theNIC is not free,aNACK is sentto therequester.

With regardto the local requests,if a local RTS is receivedandtheNIC is free, it is assignedto the local requesteranda
remoteRTS is sentto thedestinationNIC. If a CTSis receivedfrom theremoteNIC (thepathhasbeengranted),a local ACK
is sentto the local requesterthat decideswhetherto usethe reserved path(sendinga message)or to dismissit (sendingan
ABORT). Thatdependson theappliedstripingratioasstatedin 4.1.

This procedurecanlivelock if a cyclic dependency is establishedbetweendifferentNICs. As an example,let ussuppose
thateachNIC in Figure6(a)sendsarequestto anotherNIC sothatacycleof dependenciesis generated.In this scenario,each
NIC receivesa requestwhile having anoutgoingrequestpending.Consequently, usingthealgorithmdescribedabove,every
NIC sendsa NACK (theNICs arebusyasthey have outgoingpendingrequests)andthenall threeNICs retry theconnection.
This leadsto a livelockif noothermechanismis implemented.

In orderto dealwith this problem,a livelock-avoidancemechanismhasbeendevelopedandincludedin Algorithm 6. For
thesakeof clarity, thismechanismis shown in aseparateprocedure(Algorithm 6 andTable2). Thispriority-basedalgorithmis
runby eachNIC wheneveralivelockis possible,whichis everytimeanincomingrequestis receivedwhile anoutgoingrequest

8



Algorithm 5 : DynamicAllocation (NIC process)
Procedure Dynamic_Allocation_NIC
begin

NStatus[i] � FREE
counter � 0 {for livelock avoidance}
while TRUE { repeat forever }

case event of
local_RTS:

if (NStatus[i]==FREE) then
NStatus[i] � RESERVED
send RTS to remote node

else
send NACK to local process

remote_CTS:
if ((NStatus[i]==RESERVED) OR (NStatus[i]==FREE)) then

NStatus[i] � SENDING
send CTS to local process

else if (NStatus[i]==RECEIVING) then
send NACK to local process
send ABORT to remote node

remote_RTS:
if (NStatus[i]==FREE) then

NStatus[i] � RECEIVING
send CTS to remote requester

else if (NStatus[i]==RESERVED) then
call livelock_avoidance

else
send NACK to remote requester

local_ACK:
if (NStatus[i]==RECEIVING) then

NStatus[i] � FREE
else if (NStatus[i]==RECEIVING AND Outstanding_RTS) then

NStatus[i] � RESERVED
send ACK to remote requester

remote_ACK:
if (NStatus[i]==SENDING) then

NStatus[i] � FREE

remote_NACK:
if (NStatus[i]==RESERVED) then

NStatus[i] � FREE
send NACK to local process

else
send NACK to local process

local_ABORT:
if (NStatus[i]==SENDING) then

NStatus[i] � FREE
send ABORT to remote requester

remote_ABORT:
if (NStatus[i]==RECEIVING AND Outstanding_RTS) then

NStatus[i] � RESERVED
else if (NStatus[i]=RECEIVING) then

NStatus[i] � FREE

end
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NIC−i

NIC−j NIC−k NIC−kNIC−j

NIC−i

NIC−kNIC−j

NIC−i
RTS

RTS

RTS

NACK
NACK

NACK

No Path Reserved

(a)

NIC−kNIC−j

NIC−i

NIC−kNIC−j

NIC−i

NIC−kNIC−j

NIC−i
RTS

RTS

RTS

ABORT

Path Reserved

CTS
CTS

NACK
local_prio=2

remote_prio=3
local_prio=4

remote_prio=2

local_prio=3
remote_prio=4

local_prio=3 local_prio=3

local_prio=4

(b)

Figure 6. Liveloc k example .

Event\Status Reserved& Livelock

LocalWinner Send:RemoteNACK; c=c-1

Reserved

RemoteWinner Send:RemoteCTS;c=c+1

Receiving & Out_RTS

Table 2. Liveloc k avoidance state table.

Algorithm 6 : Livelockavoidanceprocedure
Procedure livelock_avoidance
begin

if ((local_counter>remote_counter) OR
((local_counter==remote_counter) AND
(local_node_id>remote_node_id))) then { local request receives priority }

counter � counter - 1
send NACK to remote requester
NStatus[i] � RESERVED

else { remote receives priority }
counter � counter + 1
send CTS to remote requester
NStatus[i] � RECEIVING & OUTSTANDING_RTS

end
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is pending.At initialization time, every NIC is assigneda default priority level. Eachtime a potentiallivelockis detectedthe
prioritiesof the remoteNIC (incomingrequest)andthe local NIC (outgoingrequest)arecompared.The requestwith lower
priority is aborted.If theprioritiesareidentical,theidentifiersof thelocal andremotenodeareusedinstead.Finally, in order
to ensurefairness,thelocalpriority is updatedin thefollowing way: if thelocal requestwins,thelocalpriority is decremented,
otherwiseit is incremented.

An exampleis shown in Figure6(b). In this example,thepotentiallivelockedsituationappearswheneachnodesendsan
outgoingrequest,andwhile this is still pending,it receivesan incomingone. NIC-i andNIC-j have lower priority thanthe
sourceNIC of their incomingrequests(NIC-k andNIC-i, respectively),sothey sendaCTSto therequesterNICs. Ontheother
hand,NIC-k hasahigherpriority thanits requesterNIC (NIC-j), soit sendsit aNACK. Eventually, everyNIC receivesareply.
NIC-i receivesa CTSandrejectsit sinceit hasgranteda connectionto thehigherpriority NIC-k. NIC-j receivesa NACK for
its requestandignoresit sinceit hasbeenpreviouslygrantedapathto NIC-i. NIC-k receivesaCTSwhichgrantsit thepathfor
therequestedsending.Finally, NIC-j receivesanABORT from NIC-i andbecomesfreeagain.NIC prioritiesareupdatedas
statedabove,NIC-i andNIC-j incrementtheir priorities,andNIC-k decrementsits one.All thepossiblestatesandtransitions
aredepictedin Tables1 and2.

4.3. Hybrid algorithm

The rail reservation protocolemployed by the dynamicalgorithmincursan overheadfor every messagesent. For short
messages,thisoverheadcouldbecomesignificant,comparedto thetimeit takesto sendthemessage.Wethereforeimplemented
a third, hybrid approach,shown in Algorithm 7. The statusof the NIC is not modifiedwhensendingshortmessages,thus,
additionalmessagesmight besimultaneouslyreceived. Moreoveron thenetwork sideof theNIC anincomingshortmessage
is alwaysacceptedeven if theNIC is sendinganothermessage.Thesemessagesmaycausebidirectionaltraffic duringshort
periodsof time (thetime neededto sendor receivea shortmessage,in theworstcase).A shortmessageis neverstriped,since
thestripingoverheadis not justifiedin this case.Rather, it is senton a singlerail which is chosenin a round-robinfashionto
ensurefairness.

Algorithm 7 : Hybrid allocation(PEprocess)
Procedure Hybrid_Allocation_PE
Input: message (M), destination node (dest), striping ratio (str_r)
begin

if |M| 3 SHORT_MESSAGE_LENGTH then
F � {n|Nstatus[n]=FREE} { Set of free NICs }
select s

B
F using round-robin

send M to dest using NIC s
else

call Dynamic_Allocation_PE (M, dest, str_r)
end

Thethresholdusedby thealgorithmto distinguishbetweenlong andshortmessagesis animportantparameter. This value
hasto becarefullyselectedto provide thebestperformance.If thevalueis too small,thedynamicalgorithmcouldbeapplied
to messagesfor which striping andguaranteedunidirectionalbus traffic would not be effective. If too large, the allocation
policy approximatesthebasicalgorithm,which simply usesrails in round-robinfashion(see5.2). Severalexperimentshave
beencarriedout in orderto analyzethe influenceof this parameteron network performanceanddetermineits optimalvalue,
andtheresultsareshown in Section6.

5. Simulation Framework

This sectionoffersdetailson our simulationplatform,theworkloadsthatweresimulated,andthemetricsof interest.

5.1. Simulation model

In theexperimentalevaluation,we focusour attentionon a family of fat-treeinterconnectionnetworks,rangingfrom ��� to s�
� SMPs,with four processorsperSMP. Unlessotherwisestated,a configurationwith 4 rails is used.Sincetheperformance
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bottleneckis usuallythe PCI bus, the network topologyis not relevantandsimilar resultsareexpectedfor othertopologies.
Thesimulationmodeltries to capturethemostimportantcharacteristicsof the network at thegranularityof theclock cycle.
Thesimulatormodelswormholeflow-control,with two virtual channelson eachphysicalchannel.Theinput bufferson each
virtual channelcancontainup to  s�
� flits [4], eachconsistingof two bytes.A flit canbetransmittedoveraphysicalchannelin
asingleclock cycle,while apacketcanberoutedthrougharoutingswitchin six clockcycles.

The simulatoralsomodelsa threadprocessorin the NIC, which canprocessincomingcontrol anddatapacketsandcan
senda reply in a few hundredsof clock cycles.Anotherimportantcharacteristicis theunidirectionalityof theI/O bus,which
cantransmitdatain onedirectionat a time. We alsoassumethat the bus bandwidthis equalizedwith the externalnetwork
bandwidth(anoptimisticsetof assumptions,giventhecurrentstateof theart).

This model is evaluatedin the SMART (Simulatorof MultiprocessorARchitecturesand Topologies)environment [9].
Implementedin C++, SMART is an object-oriented,discrete-event simulationtool for evaluatingparallelarchitecturesand
highperformanceinterconnectionnetworks.

5.2. Communication patterns

In our modeleachprocessgeneratespacketsindependently, usingthreerandomvariables:� themessagesize,which is exponentiallydistributedwith a givenmeanvalue,� theinter-arrival time,alsoexponentiallydistributedarounda givenmeanvalue,� andthedestinations,which arerandomlychosenwith equalprobabilitybetweentheprocesses.

Weconsiderasetof communicationalgorithms,includingabaselinebasicalgorithm, andthedynamicalgorithmsdescribedin
Sections3 and4. Thebasicalgorithmdoesnot useany protocol:whenevera nodeneedsto senda message,it sendsit on one
rail, choosingit in round-robinfashion.Thisbasecasecanserveto illustratetheeffectsof boththeoverheadof otherprotocols
andthepenaltiesof bidirectionaltraffic.

5.3. Metrics

Theperformanceof aninterconnectionnetwork underdynamicloadis usuallyassessedby two quantitativeparameters,the
acceptedbandwidth, or throughput, andthe latency. Acceptedbandwidthis definedasthesustaineddatadelivery rategiven
someofferedbandwidthat thenetwork input. Two importantcharacteristicsarethesaturationpointandthesustainedrateafter
saturation.Saturationis definedasthe minimum offeredbandwidthwherethe acceptedbandwidthis lower thanthe global
packetcreationrateat thesourcenodes.It is worthnotingthat,beforesaturation,offeredandacceptedbandwidtharethesame.
Thebehavior abovesaturationis importantbecausethenetwork and/ortheallocationalgorithmscanbecomeunstable,leading
to a sharpperformancedegradation.We usuallyexpecttheacceptedbandwidthto remainstableaftersaturation,for example
in thepresenceof burst-modeapplicationsthatrequirepeakperformancefor a shortperiodof time [5].

The experimentalresultsof eachtraffic are presentedusing two graphs,one to display the acceptedbandwidthand the
other to display the network latency. In both graphs,the x-axis correspondsto the offeredbandwidthnormalizedwith the
unidirectionalbandwidthof the links connectingthe processingnodesto the network switches. This makes the analysis
independentof thelink bandwidthandtheflit size.

We reportthelatency in cyclesratherthanabsolutetime, in orderto makeouranalysisinsensitive to technologicalchanges.
GiventhattheI/O busin thenetwork interfacecanonly allow unidirectionaltraffic, themaximumachievablethroughputunder
uniformtraffic is only �
�	� of thenominalinjectionbandwidth.Theintuition behindthis limit is thefollowing: let usconsider
for exampleaclusterwith only two SMPsandsinglenetwork rail; underuniform traffic, only oneSMPcansendto anotherat
any giventime,dueto theunidirectionalityconstraintin theendpoints.

6. Simulation Results

In this section,we try to provide insight into someimportantaspectsof themultirail allocationalgorithms.We first study
theimpactof network load,messagesize,andstripingon thebasicanddynamicalgorithmsusingfour rails. Then,weanalyze
how thealgorithmsperformwhenthenumberof nodesandthenumberof rails arescaledup,andwe integratetheseresultsin
theevaluationof thehybrid algorithm.
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6.1. Bandwidth and latency

Thefollowing resultswereobtainedby simulating  s�
� SMPs(nodes),four railsandfour PEsperSMP. Figures7-8 compare
theacceptedbandwidthandnetwork latency asafunctionof theofferedbandwidth.Two differentvaluesfor theaveragepacket
size, �Z��� and t
���`� , arecomparedin the experiments.Thesegraphsshow the performancefor the basic,local-dynamic
anddynamicalgorithms.

Wecanseethatthebasicalgorithmperformsrelativelywell onshortmessages,but its performancedecreasesasthemessage
sizeincreases.Thedynamicalgorithmbehavesin theoppositemanner, performingpoorly on shortmessages,andincreasing
in performanceasthemessagesizegrows. The local-dynamicalgorithmexhibits similar performanceto thebasicalgorithm
(althoughit achieveslower latencieswhenstripingis used),performingbetterthanthebasicfor largermessagesandworsefor
shortermessages.This suggeststhatwe maybenefitfrom usingthehybrid approach,whereshortmessagesaresentusingthe
basicprotocolandlongmessagesusingthedynamicprotocol.

6.2. Effect of striping

Figures7-8alsodepicttheeffectof messagestripingin thedynamicandlocaldynamicapproaches.Resultsnotshown here
indicatethatit is alwaysbestto stripeasmuchaspossible,sowe usedanaggressiveapproach,usingonly full stripingandno
intermediatevalues.
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Striping doesnot seemto have a significanteffect on any protocol’s acceptedbandwidth. However, it doesreducethe
latency of sendingmessages,especiallyasthe messagesizegrows (which makesthe striping overheadlesssignificant)and
loaddiminishes(which allows a highereffective stripingratio). It canbeseen,for example,that for anaveragemessagesize
of �
�Z��� anda load of ��� (Figure8(b)), striping reducesthe dynamicandlocal-dynamiclatenciesby approximately�����
and �
��� , respectively. The betterlocal-dynamicresultsat low loadsarisefrom the lower overheadassociatedwith sending
a message(thereis no pathreservation in the local-dynamicalgorithm). At higherloads(above �s��� ) thedynamicapproach
outperformsthelocal-dynamicbecausetheprotocoloverheadis compensatedfor with thelow latency providedby thereserved
path.In bothcases,stripingis usefulwith low loadsthatoffer a highprobabilitythatrailswill befree.

6.3. Node scalability

Theeffect of increasingthenumberof nodeson themaximumacceptedloadis shown in Figure9 for anaveragemessage
sizeof ��� KB. The dynamicalgorithmoutperformsthe basicalgorithmby �
��� for ��� nodesand �
�	� for �s�
� nodes.These
algorithmsscalereasonablywell, with alossof ��� - �s��� in maximumacceptedbandwidthwhenthenetwork sizeis quadrupled
from ��� to �s�
� nodes.

6.4. Rail scalability

In orderto understandthebehavior of thealgorithmsasa functionof thenumberof rails, we testedconfigurationsof one,
two, andfour rails with ��� nodes,eachhaving four PEs,andusingaveragemessagesizesin therange �����0���
�
�Z�`� . The
resultsaredisplayedin Figure10. For the dynamicallocationwe show full striping only, sincethe maximumbandwidthis
hardlyaffectedby striping(dueto thelow probabilityof reservingmorethanonerail for high injectionrates).Theofferedload
is normalizedby dividing it by thenumberof rails,sothattheresourcerequirementmatchestheincreasein availableresources,
thusgiving a clearerview of the network’s scalability. Again, we seethe dynamicalgorithm’s performanceincreasingwith
messagesize,for any numberof rails, while the basicalgorithm’s performancedecreases,this resultsupportingthe ideaof
a hybrid approach.More importantly, we seethat the maximumbandwidthobtainedusingthe dynamicalgorithmis almost
constantfor any numberof rails (and even improveswhen addingmore rails, for messageslarger than �s� KB). This can
be clearly seenin Figure11(a)which shows the maximumacceptedload vs. numberof rails (up to seven) for an average
messagesizeof ��� �`� . This graphconfirmsthat thedynamicallocationalgorithmslightly improvesits bandwidthwhenthe
numberof rails is increased.On theotherhand,thebasicalgorithmdegradessignificantlywhencomparedwith thesingle-rail
configuration(a ��¡�� bandwidthreductionin the maximumacceptedload with seven rails whencomparedto the single-rail
topology). The reasonfor this is that asthe numberof rails grows, so doesthe averagesendingload of eachprocessor(the
numberof processorsis fixed).Thebasicapproachusesa round-robinrail selectionmethod,ignoringthestateof theNICs. It
thereforebecomesmoreprobablefor theprocessorsto self-synchronizethechoiceof therails, leadingto a performanceloss.
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In Figure11(b)we canobservetheeffect of thenumberof rails on latency. Thedatawereobtainedfrom experimentswith
an injection loadof ¡£¢��s� , using ��� nodes(four PEspernode)andanaveragemessagesizeof �����`� . Thebasicalgorithm’s
latency actuallyincreaseswith thenumberof rails,dueto theinefficiency of theround-robinmethod,asdiscussedabove. This
is confirmedin thesimulationtracesthatshow theinjectionlatency to bethesourceof thelatency growth. As expected,striping
reducesthelatency whenthenumberof rails is increasedfor thedynamicalgorithms,with anadvantageto thelocal-dynamic
algorithm.It is interestingto notethatevenwith no striping,bothdynamicalgorithmsscalewell with thenumberof rails.

6.5. Effect of message size on saturation point

Anotherimportantfeatureof theallocationalgorithmsis thesaturationpoint for differentmessagesizes.Theexperimental
datasetthatwasusedto obtainthesaturationpointsfor eachmessagesizeis thesameasin 6.1.Theresultsareshown in Figure
12.

Wecanseethatthedynamicalgorithm’ssaturationpoint increaseswith themessagesize,while thebasicandlocal-dynamic
algorithmsretaina near-constantsaturationpoint. Theseresultssuggestthat the dynamicalgorithm scalesbetterwith the
messagesizethando theothertwo. Onepossibleexplanationfor this is that thedynamicalgorithmensuresthatno conflicts
will occuronany rail. Theseconflictsaremorelikely asthemessagesizeincreasesandrailsareunavailablefor longerperiods
of time.
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6.6. Hybrid approach

Theresultsobservedin 6.1and6.5indicatethatthebasicalgorithmperformsbetteronshortermessages,while thedynamic
algorithmperformsbetteron longermessages.It maythereforebeusefulto try ahybridapproach,thatusesthebasicalgorithm
for messagesshorterthanagiventhreshold,andthedynamicalgorithmotherwise.(Thisthresholdis implementedin Algorithm
7 asSHORT_MESSAGE_LENGTH).

Severalshortmessagesizethresholdsweretestedandcomparedin thedynamicandbasicalgorithms.We used �s�
� nodes
of four PEseachwith four rails, anaveragemessagesizeof ���>��� , andshortmessagesizethresholdsof � , � , � , �(� , and ����`� . Figures13-14show thebandwidthandlatency obtainedwithoutandwith striping.

It can be clearly seenfrom theseresultsthat the hybrid approachoutperformsboth the dynamicandbasicapproaches,
regardlessof striping,in termsof bothbandwidthandlatency (with theexceptionthatatathresholdof ���P�`� , hybridperforms
somewhatworsethandynamicfor low injectionrateswhenstripingis used).Thismaystemfrom thefactthatmessagesshorter
thanthe thresholdaresentwith no striping (asin basic),so the latency for relatively largemessagescanbe lower if striping
is used(Figure14(b)). On the otherhand,whenno striping is used,the dynamicalgorithmperformsworsethanthe hybrid
methodsfor low injectionrates,andaboutthesamefor higherinjectionrates.Thiscanbeexplainedby thefactthatthedynamic
approachhasa largersaturationpoint for averagemessagesizethanthebasicapproach(see6.5),andthehybridapproachuses
thebasicalgorithmfor shortmessagesizes.
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7. Conclusions

Oneof thenovelmethodsthatcanbeusedto increasecommunicationperformanceandenhancefaulttolerancein aclusterof
workstationsis to useparallelindependentnetworks(rails). In thispaper, weexploredvariousaspectsof multirail interconnects
andpresentedseveralrail allocationalgorithmsfor efficientusageof therails. We haveshown thatthedynamicalgorithmcan
performrelatively well in termsof bandwidthfor sufficiently largemessagesizes,andcanhandlea relatively high loadbefore
saturating.Furthermore,it hasbeenshown thatthis algorithmis scalabledueto its adaptivenature- increasingthenumberof
rails from oneto sevenincreasesthemaximumrelativebandwidthin a linearmanner. Superlinearityis achievedfor messages
larger than � KB. Furthermore,the bandwidthincreasesasthe messagesizeincreases,unlike the casefor otherapproaches.
Incorporatingprotocol-freeshortmessagehandlingwasshown to increasethemaximumbandwidthby up to �	¢+��� morethan
thepuredynamicalgorithm,andup to ���£¢+��� and ���£¢¦�
� morethanthebasicandlocal-dynamicapproachesrespectively. We
havealsoshown thatstripinga messageoverseveralrails canbeusedto obtaina significantreductionof latency whenloadis
low.

Acknowledgements WethankJoséDuatofor spearheadingtheproject,for pointingout thelimitationsof thestaticapproach
andsuggestingthedynamicallocationstrategy asapromisingvenueof research.

References

[1] InfinibandTradeAssociation.Infinibandspecification1.0a,June2001.Availablefrom http://www.infinibandta.org.

[2] SalvadorColl, EitanFrachtenberg, FabrizioPetrini,Adolfy Hoisie,andLeonidGurvits. StaticAllocation of Multirail Networks. Technicalreport,Los
AlamosNationalLaboratory, Los AlamosUnclassifiedReport01-3896,2001.

[3] SalvadorColl, Eitan Frachtenberg, Fabrizio Petrini,Adolfy Hoisie,andLeonid Gurvits. UsingMultirail Networks in High PerformanceClusters. In
Third IEEEInternationalConferenceon ClusterComputing(Cluster’01), Newport Beach,CA, USA, October2001.

[4] William J.Dally. Virtual ChannelFlow Control. IEEETransactionsonParallel andDistributedSystems, 3(2):194–205,March1992.

[5] JoséDuato,SudhakarYalamanchili,andLionel Ni. InterconnectionNetworks:anEngineeringApproach. IEEE ComputerSocietyPress,1997.

[6] CharlesE. Leiserson.Fat-Trees:UniversalNetworks for HardwareEfficient Supercomputing.IEEE Transactionson Computers, C-34(10):892–901,
October1985.

[7] D. Lubell. A shortproofof Sperner’s theorem.Journal of CombinatoryTheory, 1(299),1966.

[8] FabrizioPetrini,Wu chunFeng,Adolfy Hoisie,SalvadorColl, andEitanFrachtenberg. TheQuadricsNetwork: High PerformanceClusteringTechnol-
ogy. IEEEMicro, 22(1):46–57,January-February2002.

[9] Fabrizio PetriniandMarcoVanneschi.SMART: a Simulatorof Massive ARchitecturesandTopologies. In InternationalConferenceon Parallel and
DistributedSystemsEuro-PDS’97, Barcelona,Spain,June1997.

[10] QuadricsSupercomputersWorld Ltd. ElanReferenceManual, January1999.

[11] QuadricsSupercomputersWorld Ltd. Elite ReferenceManual, November1999.

17


